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RESFARCH MEMORANDUM

ALTTTUDE PERFORMANCE AND OFERATTONAL CHARACTERISTICS OF
29-INCH-DIAMETER TATL-PIPE BURNER WITH SEVERAL
| FUEL SYSTEMS AND FUEL-COOLED STAGE-TYFE FLAME
HOLDERS ON J35-A-5 TURBOJET ENGINE

By Richard 1. Golladay and Harxry E. Bloomer

SUMARY

An inveatigation of thrust augmentation was conducted on an
axial-flow-compresgsor turbojet engine in the NACA Lewls altitude
wind tunnel over & range of slmmlated £light conditlions. PFPer=-
formance and operational characteristics of several fuel-cooled
stage-type flame holders and fuel systems were determined for a
29-inch-dlameter tall-plpe burnexr.

Operation with a three-stage-type flame holder having the
large stege upstream was the most efficient. Injecting fuel
upstream of the flame holder lnoreased the combustlion efficiency
alightly at high altlitude, but the data were inconclusive at lower
altitudes, Of the five stage-iype flamse holders lnvestigated, the
highest combustlon efficlency was 0.87 and was obtained with the
flame holder having three stages; however, the performence obtalned
in another investigation with a two-annular V-gutter flame holder
was slightly better than with the stage-type flame holders.

INTRODUCTION

In a broad research program on thrust sugmentation being
conducted at the NACA Lewis laboratory, investigations (refer-
ences 1 to 4) have shown that utilization of the tail-pipe-burning
cycle is a practical means of lnoresaing the thrust of turbojet
engines. As part of this ressarch program, an inveatigation of
the effect of tall-plpe-burner design varisbles on burner per-
formance and operation over a wide range of simmlated-flight con-
ditions 1s being conducted in the Lewls altitude wind tunnel, Part
of this investigation is reported in references 5 and 6. In order
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to obtaln informetion that could be applied in designing tall-pipe
burners, a stuly was mede to determine the effect of flame-~holder
design, methods of fuel injection, and burner dimensions on the
followlng burner requirements:

1. Meximum thruvst with high combustlon efficlency

2. Stable burner operation over a wide range of fuel-air
ratios and flight conditions

3. Adequate tail-pipe cooling
4. Dependable starting
5. Minimm loss in thrust with burner inoperative

The work reported in references 1 to 4 was lergely devoted to
exploratory investlgations, durlng which some of the general per-
formence and operational characteristics of tail-pipe burners were
determined. The resulis of these investigationas esteblisghed the back-
ground necessary to plan the present phase of afterburner research so
as to cover the important considerations of tail-plpe-burner design.

In the phase of the tall-pipe-burning work reported herein,
the effect of fuel distribution with several fuel-cocled stage-
type fleme holders on burner performance and range of stable com-
bustion was studied in a 29-inch-diameter tail-pipe burner installed
on 8 J35-A-5 turbojet engine. Thils study of stage-type
flame holders represents an effort to achlieve an increase in com-
buation efficiency by partly submerging the latter stages of the
flame holders in the flame from the preceding stage. Because of
the requirement thet the succesaive stages of the flame holders
be cooled, it was necessary to use fuel as the coolant. Fuel wes
therefore injJected from the flame holder.

With each configuration, data were obtained over a range of
simmlated-flight conditions and tall-pipe-burner fuel-alr ratios.
These date are compared to show the effect of fuel distribution
and flame-holder type on tall-plpe combustion efficlency and
exhaust-gas temperature. The over-all performence of the two con-
flgurations thet had the highest combustion efficlercy are compared
with the best configuration reported in reference 5. Altltude oper-
ating range, tall-plpe fuel ignition, and shell cooling are also
discussed.
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ATPARATUS

Engine

The JSS-A-S engine used in this mvesti@.tion has en ll-stege
axlsl-flow compressor, elght cylindrical through-flow combustion
chambers, and a single-stage turbine. The sea-level static thrust
1s 4000 pounds at an englne gspeed of 7700 rpm and a turbine-outlet
temperature of 12500 F (1710° R). At this operating condition,
the alr flow is approximately 75 pounds per second and the fuel
consumptlon is 4400 pounds per hour. The over=-2ll length of the
engine wlth standerd-engine tell pipe is &bout 15 feet and the
meximm diameter is about 38 inches. The rated operating con-

dition of the standerd engine was obtained with a 161_2-111011-
dlameter exhaust nozzle.

Fuel conforming to specification AN-F-32 (kerosene), with a

lower hesting wvalue of 18.550 BRtun per m‘nnﬂ and =& hvﬂrnann-nmﬂsnn

T e e v W Ty Lo Aand A

ratio of 0.155, was used in the engine Fuel comfoming to speci-
fication AN-F-48b, grade 80, unleaded gasolins, with a lower heat-
ing value of 19,000 Btu per pound. and a ]:m!rogen-ca.r‘bon ratio of
0.188, was used. in the tall-pipe burner.

. Installation

For this Investigation, the standard-engine tail pipe was
replaced by a tall-pipe-burmer assembly attached to the turbine
flange. The engine and tall-pipe burner were mounted on. & wing
section in the 20-foot-dlameter test section of the altitude wind
tunnel (fig. 1). Refrigerated air was supplied to the engine
through & duct from the tunnel make-up air system. This duct weas
connected to the englne through a slip Joint with a frictionless
8eal, which made possible the measurement of thrust with the
tunnel-balance scale system. Alr was throttled from approximately
sea-level pressure to the desired pressure at the engine inlet;
the pressure in the tunnel teat section was maintained at the
desired altitude. In order to simplify the installation and pro-
vide accessibllity, no cowling was installed.

Tall-Pipe-Burner Assembly

The over=-all length of the engine and tall-pipe burner was
approximately. 18% feet. The tail-plpe-burner essembly consisted
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of three sections: (1) a diffuser with an annular cross section,
(2) a cylindrical burner section, and (3) a conical exhaust nozzle.
A section drawing of the installation with a typical flame holder
and fuel system installed 1s shown 1n figure 2. The outlet-to-
inlet area ratio of the diffuser was 1.75. The burner sectlion was
4 feot In length and had an ingide diameter of 29 inches. A
varlable-area exhaust nozzle that would operate satisfactorily
with tall-pipe burning was unavailable at the time of the investi-~
gation; a conlcal exhaust nozxzle was therefore used.

The flame holders used in this phase of the investigation
were designed to provide annular flame geats at several statlons
in the burner section. The diameter of the annular flame seats
elther increassed or decreased in uniform steps so that each stage
of the flame holder after the first was located where it would be
partly engulfed by the wake, and consequently by the flame, from
the preceding stage. This flame-holder arrangement was investi-
gated in an effort to lmprove the combustion efficiency by plecing
most of the flame-seabling area in the vicinity of high-temperature
burning geses, as indicated in reference 7. The main structural
member of each stage waa an Inconel tube through which fuel was

olrculated to prevent the stages engulfed in flame from overheating.

These tubes also served as fuel injectors. Strips of 1/8-inch
Inconel were welded to the tubes so as to form ammnmler V gutters
(£ig. 3).

The five configurations of the fuel-cooled stage~type flame
holder and fuel system lnvestlgated are showmn in figure 4. 'The
arrangemsnts Ilnvestigated in each configuration are indicated in
the following teble:

1245
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Svel

Con- [Fig- Fleme holder ProjJected| Fuel-injectlon system
fig- lure area of
ura- fleme
tion holder
(percent
of total
. area)

A |4(2)|Five-stage V-gutter 56 Impinging Jets directed
contour; small upstream and downstream
stage upstream

B |4(b) {Five-stege V-gutter 56 Tmpinging Jets directed
contour; large upstream and downstream.
stage upstream Also 12 impinging-Jet

fuel-injector bars located
upstream of flame holder
and spraying fuel upstreanm.
Injectors used only for
starting

¢ {4(c) |Two-stage V-gutter 42 Jets directed upstream in
contour; large large stage; orifices
stage upstream upstream and 45° inward

on small stage

D |4(4) |Three-stage V- 59 Jets directed upstream
gutter contour;
large stage
upstream

E {4(e) |Three-stage V- 59 Jets directed upstream of
gutter contour; two rear staeges only.
large stage Also 12 fuel-injector bars
upstream upstream of flasme holder,

spraying at right angles
to gas flow

Configuration A. - The flame holder used in configuration A
hed flve amnular V-gubter stages and was arranged with the smallest-
diameter stage upstream (fig. 4(2)). Impinging fuel Jets were
drilled In the upstream and downstream sides of each stage ‘except
for stege 1 (the small stage), which hed Jets on the upatream side
only. These sets of impinging Jets were egqually spaced and arrenged
in such a manner that at each stage, except the first one, twice
ag much fuel wes Iinjected upstream as downstream. The orifices
wore located to provide a locelly rich mixture over the flrst stage
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and a uniform mixture over the remaining stages. Fuel was dbrought

to the flame holder through three tubes located in the plane of

. the second stage and delivered to the other stages through three
headers (fig. 3). No cooling liner was installed; an exhaust

nozzle with an area of 321 square lnches wes used. At the down-

stream end of the diffuser inner cone a sheltered cone pilot for

igniting the tall-pipe fusel wes provided (figs. 5 and 6). The

cone pilot was 87 inches in dlameter and 4 inches deep; 1t was
fltted with a conical fusl-spray nozzle and two spark plugs.

Configuration B. - The same annular V gutters were used in
configuration B as in oconfiguration A; however, the stages were
arranged with the largest-diamster stege upatream (fig. 4(b)).
Reversing the stages in configuration B was intended to induce
more of the gases to flow toward the center of the burner where
the veloclty was initially low, thereby giving a more uniform
veloclity distribution across the burner than was obtained with
configuration A. The Impinging jeta in the fuel tubes of each
stage were the same as for configuration A; in addition, 12
impinging~-jet fuel Injectors were installed in the diffuser to
ald in igniting the bwrner. A cooling liner wes installed that
extended from a planse 11 Inches downstream of the burner-section
inlet to the burner outlet. A 7/16-inch radial space was provided
between the liner and the burner shell, through which flowed part
of the gas at approximately turbine-outlet temperature. The
exhaust-nozzle area was 316 square inches; the ignition system wes
the same as that used with configuration A.

Configuration C. - In order to determine the performance with
e minimum number of fleme-holding stages, configuration €
(fig. 4(c)), which had only two stages, was investigated. The
larger stage was located upstream. Fuel was injected in an
upstream direction from both stages through orifices in the lead-
ing edges of the fuel tubes. In order to provide fuel at the
center of the burner, part of the fuel in the second stage was
injected through orifices toward the center of the burner at an
angle of 450, Fuel was independently supplied to esach stage and
1% was possible to vary the fuel distribution between the stages
during operation. For the performance data presented, approxi-
metely 50 percent of the fuel was InjJected through each stage.
A cooling liner was installed that extendsed the full length of the
burner section; a 1/2-inch radiel spece was provided between the
liner and the burner shell. The exhaust-nozzle areaz and the
ignition system were the same as those used with configuration B.

1245
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Configuration D. - The three stages of configuration D
(fig. 42&5; were designed to have about the same blocked area as
configuretions A and B; these stages were also located with the
lerger one upstream. Fuel was injected in an upstream direction
from each stage through orifices in the leadling sedges of the fuel
tubes. Fuel was provided to each of the stages independently and
it was possible to vary the fuel distribution among the stages
during operation. The performance dabta presented were obtalined
with approximately 65 percent of the fuel to the upstream stage,
20 percent to the middle stage, and 15 percent to the downstream
stage. The cooling liner, the exhaust-nozzle area, and the
ignition system were the same as those used with configuration C.

Configuration E. - The flame holder, the cooling liner, and
the exhaust-nozzle area of configuration E (fig. 4(e)) were the
same as those of conflguration D. The fuel distribution, however,
was changed from that of conflguration D by injecting 25 percent
of the fuel from the second and third stages of the flame holder
and 75 percent from a set of 12 fuel injectors, which were located
upstream of the flame holder. These injJectors sprayed Tuel at
right angles to the ges flow. The tail-pipe fuel was ignited by
a "torch igniter" (fig. 6), which consisted of a momentary injection
of high~pressure fuel In one of the engine combustion chambers
that resulted in a flash of flame through the turbine. This system
is described in reference 5.

INSTRUMENT ATTON

Pressure and temperature instrumentation was installed at
several measuring stations through the engine and tail-plpe burner
(fig. 2). Engine alr flow was measured by the use of survey rakes
mounted at the engline inlet, station 1; a coamplete pressure and
temperature survey wes obtained at the turbine outlet, statlion 6;
and static-pressure measurements were mede at the burner-section
inlet, station 7. A total-pressure survey was obtalined 1 inch
upstream of the exhaust-nozzle outlet, station 8, with a water-
cooled survey rake. In order to obtain a correctlon that comnld’
be added to the scale thrust meassurements, the drag of the water-
cooled reke was obtalned by means of a hydraulic-balance=piston
mechanlsm. Englne and tail-pipe-‘burner fuel flows were measured
by calibrated rotameters.
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PROCEDURE

Operational characteriatics were atudled and performance data
were obtalned with the five tall-plps-burner configurations over
8 range of slmilated altitudes from S000 to 40,000 feet and flight
Mach numbers fram 0.27 to 1.07. At each flight condition, the
engine was operated at rated speed, 7700 rpm, and data were
obtained over & range of tail-plpe fuel-ailr ratios. Dry refrig-
erated alr wes supplied to the engine at the standard temperature
for each flight conditlon, except that the minimum temperature
obtained was about -20° F. Total pressure at the engine inlet was
regulated to correapond to the desired pressure at each flight con-
dition with complete free-streem total-pressure recovery.

Because all the datse were obtained with a fixed-area exhaust
nozzle, limiting turbine-outlet temperature could be obtained with
each configuration at only one value of tail-plpe fuel-alr ratic
at each flight conditlon. The burner performance obtained there-~
fore does not represent the performance that mlght be obtalned
with a varlsble-area exhaust nozzle. The use of a fixed-area
exhaust nozzle, however, provided the mogt expeditious means of
comparing the performance of the various modificatliona. The over-
all performance is presented as a function of flight Mach number
for a turbine-outlet temperature of 1600° R. For configurations
where the fuel dlatributlion could be adjusted among the meveral
planes of Injection during operation, the fuel dlstribution was
systematically varied until the meximum thrust was obtalned at a
glven tall-plpe fuel-alr ratlio and flight condition. This distri-
bution was then used to obtain burner performance over the oper-~
&ble range of flight conflitiomy. Fuel distributions used for eeach
of the configurations are irdlicaeted 1n teble I.

The minimum tall-plpe fuel-air ratio was determined by lean
combustion blow-out and the meximum fuel-alr ratio by rich com-
bustion blow-out, limiting turbine-outlet temperature, or the
capaclty of the fuel supply. Tall-plpe fuel-air ratio ls defined
as the ratio of the weight flow of tall-pips fuel to the unburned
air entering the tail pipe.

The values of thrust presented were measured with the balance
acales and represent the actual thrust obtalnable with the exhaust
nozzle used. Exheust-gss temperature was calculated from total-
presgure measurements at the exhaust-nozzle outlet by an experi-
mentally determined flow coefficlent.
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The probable limits of error in determining Jet thrust,
exhaust-gas temperature, and combustion efficlency are :kl%, £3,
and +5 percent, respectively. The symbols and the methods of cal-
culation used in the reduction of data are presented in the
appendix,

RESULTS AND DISCUSSION

A preliminary investigation of stage~type fleme holders in a
zs%imh-diameter tail-plpe burner indiceied that the fuel tubes

elone would not serve as sabtisfactory flame holders. Strips of
Inconel were therefore welded to the tubes so as to form annular
V gutters, which would offer more restriction. This configuration
offered some improvement, but was still unsatisfactory. The tail-
plpe-burner diamster was then increased to 29 inches in order to
decrease the velocities across the flame holder. The results of
operation with thls burner are presented graphically and represent
typlcal performasnce of the configurations investigated. Data for
the flve configurations are presented in table I.

Comparison of Conflgurations

Arrangement of stages. - Results are presented for configu-
rations A and B in figure 7 to show the effect of flams-holder~
gtage arrangement on the variation of combustion efficiency ard
exhaust-gas total temperature with tail-pipe fuel-alr ratio, This
comparison is mede at altitudes of 5000 and 25,000 feet and a
- flight Mach number of 0.27. At an sltitude of 5000 feet, the peek
combustion efflclency was approximately 0.23 higher and the nmaxi-
mum exheust-gas temperature was approximately 420° R higher with
configuration B than with configuration A, At an altitude of
25,000 feet, the maximum combustlon efficlency was only about 0.04
higher for configuration B, but the meximum efflclency occurred at
2 tall-pipe fuel-air ratio of about 0.0425 as compared to 0,022
with configuration A. As & result, the maximum exheust-ges tem-
perature obtained at an altitude of 25,000 feet was approximately
480° R higher with configuration B than with configuration A.

With the arrangement of configuration A, the flame holder con-
stltuted & restriotion that diverted part of the flow toward the
wall of the burnsr. As a result, the veloclty profile that
normally exists at the burner inlet with higher velocltles near
the shell than in the center of the burner was further accentuated.
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The stages were reversed in configuration B so that the restriction
offered by the flame holder .would divert the gas toward the center
of the burner and thereby glve a more uniform velocity profile.

The lower combustlion efficisencies obtained wlth conflguration A

are abttributed to the highexr veloclty over the large-diameter
stages in addition to the mean fusl-injectlion station beling located
farther downstream. The burner-shell tempersture was higher for
configuration B than for A because of the higher ges temperature;
however, the cooling liner provided adequate shell cooling.

Fleme holders, - Results ere presented for configurstions B,
C;, and D In figures 8 and 9 to show the effect of the flame holder
used on the varistion of combusiion efficlency and exhaust-gas
total temperature, respectively, with tall-pipe fuel-alr ratio.
This comparison is made at altltudes of 5000, 25,000, and 35,000
feet and a flight Mach number of 0.27. Configurations B, C, and
D had five, two, and three stages, respectively. The effect of
the number of stages on the performance is not lsolated in this
comparison, inasmuch as the width of the annular V gutters was
greater for configurations C and D than for conflguration B. Scale
effect ia therefore included in the comparison and the blocking
area does not vary 1ln proportion to the number of stages.

At an altitude of 5000 feet, the performance of configurations
B and D was about the same at tall-pipe fuel-alr ratlos above
approximately 0.028. The peak combustion efficlency for configu-
ration C was approximately 0.14 lower than for configurations B
and D. At an altitude of 25,000 feet, the highest and lowest com-
bustlon efficlencles and exhaust-gas totel temperatures were
obtalned with configurations D and B, respectively. At an altl-
tude of 35,000 feet, the combustion efficlency and the exhaust-gas
total temperature were approximately the same for confligurations C
and D and were lower for configuration B. The more rapld decrease
in the over-all combustion effliclency amd exhaust-gas total tem-
perature of configuration B with an increase in altltude wes proba=-
bly due to scale effect, because the flame~holder gutters were
nsrrower with this conflguration than for the others. The fact
that the combustion efficiency and exhaust~gas total temperature
for conflguration D were generally higher than for configuration C
was probably due to the 1l7-percent greater flame-holder blocking
area of configuration D, This effect was not as apparent at an
altlitude of 35,000 feet as at lower altitudes.

Fuel distribution. - Results ere presented for conflguratlions
D and B in figure 10 to show the effect of inJjecting part of the
fuel in the diffuser section upstream of the flame holder on the

o
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variation of combustion effilclency and exhaust-gas total temperae
ture with tall-pipe fuel-alr ratio. This comparison is made for
altitudes of 5000 and 35,000 feet and a flight Mach number of 0.27.
With configuration D, all the fuel wes injJected from the three
flame-~-holder stages; with configuration E, ocne~fourth of the fuel
was injected from the two downstream stages of the three-stage
flame holder and thres-fourths of the fuel was injected through
the fuel injectors upstream of the fleme holder. At an altltude

of 5000 feet, the maximum combustion efflclency obtalned with con~
figuration E was about 0.08 lower than the peek efficiency for
configuration D. The data Indicated, however, that peak combustion
efficiency was not reached with configuration E, and that the peak
efficliency would ocour at tall-plpe fuel-air ratios in excess of
0.035 as compared to 0,028 with configureation D. The varlation of
exhaust-gas tobtal temperature at this altitude substantlated this
trend 1n that the date indicated that the temperature for configu-
retion E would exceed that of configuration D at tail~-pipe fuel-
air ratios slightly higher than those investigated. At an altitude
of 35,000 feet, the peak combustion efflciency was about 0.15 higher
and the maximum exhaust-gas tobtal temperaturs was gbout 180° R
higher for confilguration E. The very low combustlon efficlenciles
and temperatures that occurred at low tall-pipe fuel-alxr ratios
were presumsbly caused by combustion blow-out at some of the flame-
holder stages. Data for an altitude of 5000 feet were inadeguate
to indicate any definite rise in combustion efficiency and exhaust-
gas temperature from injecting most of the fuel npstream of the
flame holder. Data for an altitude of 35,000 feet, however, show
a definlte Increase in combustion efficiency as a result of
InJecting most of the fuel upstream of the flame holder and are
therefore 1n agreement with simllar results presented 1n refer-
ence 3. This improvement in performance is probably dune to better
redlsl distribution of fuel and the longer length for mixing and
vaporization of the fuel.

Burner Performance

Data for configuration D were selected to show the veriation
of burner-inlet conditions with altitude and flight Mach number
and to demonstrate the effect of tall-plpe~burner-inlet conditlions
on combustion efficiency and exhaust-gas temperature (figs. 11l to 13).
These data were selected because the combustion efficlency with
this confliguration was higher over a wider range of altitudes and
£light Mach numbers than for the others investigated, as shown in
figures 8 and 10.
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BEffeoct of altitude and flight Mach number. - As the tall-pipe
fuel-air ratio was Iincreased at each altitude and flight Mach
number, the turbine-outlet pressure and temperature increased and
the burner-inlet velocity remained approximately constant (figs. 11
and 12). At a constant tail-plpe fuel-air ratioc, the turbine-
outlet pressure decreased approximately in proportion to the atmos-
pheric pressure; the turbine-outlet temperature was reduced slightly
as the altitude was increased from 5000 to 40,000 feet at a flight
Mech number of 0.27 (fig. 11)}. Turbine-outlet preassure decreased
approximately in proportion to the engline-inlet total pressure; the
turbine-outlet temperature increased slightly as the flight Mach
number was lowered from 0.92 to 0.27 at an altitude of 25,000 feet;
the effect of flight condition on the burner-inlet velocity was
negligible (fig. 12).

Increasing the altitude from 5000 to 40,000 feet decreased
the peak combustion efficiency from 0.82 to 0.50 (fig. 13(a)).
Because the effect of variations In altitude upon the burner-inlet
veloolty and turbine-outlet total temperature was slight (figs. l1l(a)
and (b)), this variation in efficiency was primarily due to the
change in turbine-outlet pressure from approximately 3200 to
700 pounds per square foot (fig. 1l(c)). With this decrease in
turbine-outlet pressure, there was an attendant increase from
approximately 0.028 to 0.042 in the tall-pipe fuel-air ratio at
which peak combustion efficiency occurred. As the turbine-outlet
pressure wag decreased from ahout 3200 to 1700 pounds Dper sguare
foot (fig. 11l(c)), the peak combustion efficiency varied between
0.82 and 0.76 (fig. 13(2)). Combustion efficiencies did not vary
uniformiy with turbine-outlet pressure over this range of pressures;
this effect is attributed to inaccuracies in the measurement of
exhaust~gas pressures. A further decrease in pressure to aboutb
1000 pounds per square foot decreased the peak combustlon efficiency
to approximately 0.56. These results indicate that with conflgu~
ration D the combustion efficiency is much more adversely affected
by reductlons in turbine-outlet pressure below about 1700 pounds
por square foot than at higher pressures.

A decrease 1ln the flight Mach number from 0.92 to 0.27 at an
altitude of 25,000 feet, which was accampanied by a reduction in
turblne~outlet pressure from about 2500 to 1700 pounds per sguare
foot (fig 12(c)), reduced the pesk combustion efficiency from 0.87
to 0.76 (fig. 13(a)). This change in combustion efficiency with
turbine~-outlet pressure is more than that obtained for 2 greater
pressure change accompanying a variation in altitude. The vari-
ation of combustion efficiency with flight Mach number was apparently
megnified by discrepancles in exhaust-ges pressure measurements,

1245
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Exhaust-ges total temperature increased with fuel-z2ir ratlo
at each condition Investigated. The effect of decreases in turbine-
outlet pressure as the altitude was inoreased at constant flight
Mach number amd &s the fllght Mech number was decreesed at constant
altitvie on the exhaust-ges temperature was similar to the effecht
on the combustion efficiency (fig. 13(bd)). In order to obtain a
given exhaust-gas temperature, it was necessary to incresse the
tail-pipe fuel-alr ratio as the turbine-outlet pressure was decreaged;
this condition was due %0 the reduction in combustion efficiency.

Over a range of turbine-outlet pressures from 3200 to
1700 pounds per squeare foot (corresponding to altitudes of 5000
to 25,000 feet), the exhaust-ges temperature ranged from approxi-
mately 2800° to 3110° R (fig. 13(b)). Higher exhaust-gas tempera-
tures could have been obtalned with higher tall-pipe fuel-air ratios.

Over-all Performance

Inasmuch as data were obtailned over a range of £light Mach
numbers for configurations B and D only, results are presented for
these configurations to show the variation of over-all performance
wlth £1light Mach number at an altitude of 25,000 feet and a turblne-
outlet temperature of 1600° R. Also presented for these same con-
ditions are data obtained with the best configuration in refer-
ence 5, This configuration conslsted of an uncooled Htwo-annular-
V-type fleme holder installed in the 29-inch-diameter tail-pipe
burner with 12 fuel-sprey bars mounted upsiream of the fleme holder
in the diffuser sectlon. The variation of exhasust-gas total tem-
perature and augmented thrust ratio with flight Mach number is
shown in figure 1l4. Augmented thrust ratilo is defined as the rabtio
of the net thrust obtained with tail-pipe burning to the net thrust
obtalned at the same turbine-outlet conditions with the standeard
tell pipe Installed. With configuratlion D, the thrust ratlo
increased from 1.33 to 1.56 as the flight Mach number was increased
from 0.27 o 0.92. This increase in thrust ratio was accompanied
by a.orise in the exhaust-gas total temperature from 2900° to
3070° R.

Varlation of the tail-plpe~burner combustlon efficlency with
flight Mach number is shown in figure 15(a). Variation of specific
fuel consumption based on net thrust with flight Mach number for
the talil-plpe burmer operating end elso with the standerd tail
pipe installed is shown in figure 15(b). With configuration D,
the tall-pipe-burner combustion efficlency increased from 0.75 to
0.87 as the flight Mach number was increased from 0.27 to 0.92.
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This Incresse in combustion efficlency was accompenied by a
decreese 1in speclflic fuel consumption based on net thrust from
2.46 to 2.42. The specific fuel consumption of the engine with
the standard tall pipe incressed from 1.2 to 1.35 over this same
range of flight Mach numbers.

As shown 1n figures 14 and 15, the performance of the best
stage-type flame holder (configuration D) was inferior to that of
the best two-annuler V-type flame holder of reference 5. Because
the pressure losses for the two configurations were approximately
the same, this difference was possibly duwe to the campromise made
by injecting pert of the fuel at the flame holder erd thereby
causing poor fuel distribution and a shorter time for burning.

Tall-Pipe Pressure lLosses

Tall-pipe total-pressure-~loss ratic with burning is presented
in figure 16 as a function of exhaustegas totel temperature for
each configuretion. Tall-pipe pressure-~-loss ratio is defined as
the ratio of the loss 1n totel pressure between the turbine outlet
and the exhaust-nozzle cutlet to the total pressure at the turbine
outlet. The pressure-loss ratio was approximately constant at
0.08 for exhaust-ges temperatures between 2300° and 3000° R for
all configurations. The pressure~logs ratio with the standard
engine tall pipe was approximately 0.01 (reference 5).

Operational Characteristics

The tail-pipe burner was operated at fuel-alr ratlios from
approximately 0.011 to 0.068 and turbine-~ocutlet temperatures fram
1000° to 1690° R at numerous simulated-flight conditions. Complete
performence data as shown in table I, however, were not obtalned
at all these conditions. During operation over this range of con-
ditions, various operational characteristics observed included
rich and lean blow-ocut, tail-pipe fuel ignition, tail-pipe-burner
shell temperature, and steadiness of combustion. Knowledge of
these characteristics is Important in the design and the operation
of - tail-plpe burners. A few of the characteristics of esach con-
figuration are presented in the followling dilscussion.

Combustion characterigtics. - With configuration A, the tall-
pipe burner was operated over a range of fuel-air ratios from 0.013
to 0.087 at an altitude of 25,000 feet; however, burning at S000 feet
was subJect to pulsations with attendant fluctuations in pressure

1245
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end fuel flow, apparently caused by fuel vaporization in the fuel
tubes. The flame filled the exhaust nozzle only et altltudes
above 5000 feet. Visual observation indicated that the mixture
in the center of the flame wes rich; the tall pipe and the nozzle
alweays remained cool durlng operation.

Configuration B, in which the fleme holder used for cenfigu-
ration A was reversed, produced more even burning in the tail pipe
and a full nozzle .of flame. Some burning fluctunatlons occurred,
however, at an altitude of 5000 feet. The nozzle was much hotier
during high fuel-flow operation with configuration B than with A.
The range of tail-plpe fuel-air ratlos at 25,000 feet was 0.013
to 0.032 and limiting turbine-outlet temperature was reached.

When configuration C with a S0~50 fuel distribution to the
two stages of the flame holder was used, the tail-pipe burner was
operated over & range of fuel-alr ratios fram 0.013 to 0.051 at
an altitude of 25,000 feet and 0.020 to 0.055 at 35,000 feet.
Operation &bove 35,000 feet was unstable.

When configuration D was operated with 65 percent of the fuel
flow to stage 1, 20 percent to stage 2, and 15 percent to stage 3,
each stage was subject to flow fluctuations at several flight con-
ditions. The tall-pipe fuel-alr ratlo range at an altltude of
25,000 feet was 0.020 to 0.037 and at 40,000 feet was 0.030 to
0.045. Operation sbove 40,000 feet was unstable.

With configuration E, runs were made with 75 percent of the
Ffuel injected through 12 side-spray bars upstream of the flame
holder and 25 percent through the two downstream stages of the
fleme holder. The tall-plpe fuel-alr ratio ranged from 0.018 to
0.026 at 25,000 feet and from 0.022 to 0.031 at 35,000 feet. The
tail-pipe burning wes generally unsteady, because the flame did
not appear seated on the entire flame holder except at limiting
turbine-outlet temperatures zbove 1600° R.

Tail-pipe fuel ignition. - With the cone pillot (figs. 5 and 6),
fuel Ignition was effected at altitudes as high as 30,000 feet;
the spark plug and the fuel nozzle in the pllot were, however, fre-
quently burned away. Starte were usuelly mede at englne speeds
from 4000 to 6000 rpm. When the lgnition system falled, the tall-
pilpe~burner fuel was lgnited by rapidly accelerating the englne,
which resulted in a burst of flame into the tail pipe. The torch
igniter (fig. 6) was used only with configuration B. Several
starts were effected up to an altltude of 27,000 feet at reduced
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engine speed. This method was later found to be very reliable for
obtaining ignition at full englne speed at altitudes up to
50,000 feet, as discussed in reference 5.

Tall-plpe~burner-shell cooling. - Cooling of the tail-plipe~
burner shell was effected by an Immer liner in all confilgurations
except A. Approximately 6 percent of the geas flow at turbine~
outlet temperature passed between the liner and the shell. This
flow provided sufficlient cooling to keep the tall-pipe shell below
a temperature of 1700° R. The liner temperatures were somewhat
higher, but because the stresses on the liner were low, this ocon-
dition weas not critical. More extensive experimental resulis of
cooling-liner investigations including methods of constructlon
are presented in reference 5.

SUMMARY OF RESULTS

The following results were obtained from an Investigatlion of
& 29~inch-dlameter tail-pipe burner with a fixed-asrea exhaust
nozzle on a J35 turbojet engine In the NACA Lewls altitude wind
tunnel: _

1. The burner performance of the flve-stage flame holder with
the large stage upstream was markedly better than that with the
large stage downatream. : .

2. The three-stage flame holder was more efficlent than a
five-stage flame holder with the large stage upstream, which had
approximately the same blocking area, but narrower gutters. The
three-stage flame holdexr was also more efficlent than a two-stage
flame holder with the same width gubttera, but 17 percent less
blocking area.

3. Injecting fuel upstream of the flame holder resulted in e
reduction of combustion efficiency &t an altitude of S000 feet,
but an Increase at 35,000 feet.

4. The maximum combustion efficiency obtained was 0.87 with
the three-stage flame holder with the lerge stage upatream. This
value was obtained at an altitude of 25,000 feet, & flight Mach
number of 0.92, and a tall-plpe fuel-alr ratio of 0.037.

5. At an altitude of 25,000 feet and with a turbine-outlet

temperature of 1600° R, the ratio of augmented to normal thrust
increased from 1.33 at & flight Mach number of 0.27 to 1.56 at a
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Plight Mach number of 0.92 for the thres~stage flame holder with
the large stage upstream. This increase in thrust ratlo was
accompanied by e rise in exhanst-gas total temperature from 2900°
to 3070° R, an Inorease in combustion efficiency from 0.75 to 0.87,
and a decrease in specific fuel consumpbion from 2.46 to Z2.42.

6. The performance of the stage~type flame holders investl-
gated was inferior to that of the annular two-¥ flame hold.er subse-
quently investigated in the same burner.

7. One configuration was successfully operated at an altitude
as high as 40,000 fest and most conflgurations were operated at
altitudes as high as 35,000 feet at a flight Mach number of epproxi-
mately 0.27.

Lewis Flight Fropulslion Laboratory,
Natlonal Advisory Commlttee for Aeronautiles,
Cleveland, Chio,
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APPENDIX - CALCULATIONS
Symbols
The following symbols are used in this report:
cross-gectional area, sq ft
thruat scale reading, 1lb

flow (discharge) coefficlent, ratio of effective flow area
to measured area

thermal-expansion ratio, ratio of hot-exhauvst-nozzle area
to cold-exhaust-nozzle area

oxhaust-nozzle velocity coefficlent, ratio of actual
exhanst-nozzle veloclty to 1ldsal exhaust-nozzle velocity
after expansion to free-gtream static pressure

external drag of installation, 1b

drag of exhaust-nozzle survey rake, 1lb

Jet thrust, 1b

net thrust, 1lb

fusl-air ratio

acceleration due to gravity, 32.2 ft/sec®

total enthalpy, Btu/lb

lower heating value of fuel, Btu/lb

Mach number

total pressure, 1b/sq £t absolute

total pressure at exhaust-nozzle survey station in standard-
engine tail pipe, 1b/sq ft absolute

gtatic pressure, 1b/sq £t absolute

gas constant, £t-1b/(1b)(°R)
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T total temperature, °R
T indicated temperature, °R

static temperature, OR

\'4 velbcity, £t /sec
Wa air flow, 1lb/sec
Wo bearing cooling-air flow, 1b/sec
We fuel flow, 1b/hr

W /F n gpecific fuel consumption based on total fuel flow end net
thrust, 1b/(hr)(1b thrust)

W gas flow, 1b/sec

ratio of specific heats for gases

T combuation efficiency
p static density, slugs/cu ft
‘Subscripts: s
a air
e engine
g fuel
8 a8
Jet
m fuel manifold
8 scale
+ tail-pipe burner ’
x inlet duct gt frictionless slip Joint
0 free-stréam condition
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1 engine inlet

3 engine combustion~chamber Iinlet

6 turbine outlet (diffuser inlet)

7 static-pressure survey pleans, 5-5_3-6- inches upstream of
burner-section~inlet flange

8 exhanst-nozzle total-pressure survey plane, 1 Inch upstream
of outlet

9 exhaust-nozzle outlet

Methods of Calculstion

Flight Mach number and alirspeed. - Flight Mach number and
equivalent airspeed were caloculated from the ram-pressure ratio by
the followlng equations; complete pressure recovery at the engine
inlet was agsumed:

-1
h
Y
M, o] B 1:-1-> " (1)
0 71"1 PO .
71‘1
5
Po\ ‘1
Vo = Mo 715“1(?1') (2)

The eguivalent free-stream tobal temperature was assumed equel to
the compressor-inlet indicated temperature. The use of thils
aggsumption introduces an error in alrspeed of less than 1 percent.

Alr flow. = Air flow at the engine inlet was determined from
pressure and bemperature meesurements obtalned with four survey
rekes in the lnlet annulus. The followlng equatlion was used for
caloculation of alr flow:

1245
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7,-1
W SN Bt LI (3)
= 3
a,l l'Al (7 -l)Rti P]_

Bearing cooling alr was bled from the compressor in a gquantlty
approximetely equal to the englne fuel flow. The air flow enter-
ing the englne combustion chamber weas therefore calculated as
follows:

. W
T,e
Wo,3 =W g =Wy =Wy 3 - (336‘0") (¢)

Temperatures. - Static temperatures were calculated from indi-
cated temperatures by the adlabatic relation between temperature
and pressure; the impact recovery factor was determined o be 0.85
for the type of thermocouple used:

t = 1 (5)

1+ 0.85 (%) -1

Tall-pipe gas flow. - The total welght flow through the tail-
Plpe burner was calculated as follows: :

Wo +W.

¥ =W + fAG—E-Lt. (6)

g 8,35 3800

Tall-pipe fuel-air ratio., - The tail-pipe fuel-alr rabtlo used

herein is defined as the weight flow of fuel injected into the
tall-pipe burner divided by the weight flow of unburned air enter-
ing the tail-pipe burner from the engine. Weight flow of unburned
alr was determined by essuming that the fuel injected in the engine
combustlion chamber was completely burned. By combining alr flow,
engine fuel flow, end tail-pipe fuel flow, the following equation
for tail-pipe fuel-air ratio was obtalned:

W

7.t

(e/a)y = i (1)
- m—"—
3600 Wa,3 ~ 5067

where 0.067 is the stolchiometric fuel-air ratio for the engine fuel.
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Turbine-outlet temperature. - Because the temperature msasure-
ments at station 6 were unreliable when the tall-pipe burner was
in operation, the turbine-outlet temperatures lilsted in table I
wore calculated by means of the following relation:

Vr e
Wa,3Ha,1 + %865 be,elb,e

f£,e
3. * 5560

An engine combustion efficiency 1w, o of approximately S8 percent
at rated engine speed weas determined from experiments with the
standard-engine tail pipe and more complete temperature instrumen-~
tation. After calculation of turblne-outlet total enthalpy HG by
equation (8), turbine-outlet temperature Tg wes determined from
Hg and fuel-air retio f/a by the nse of enthalpy~temperature
charts.

1245

Burner-inlet velocity. - Veloclty at the burner-section inlet
was caloculated from the continuilty equation by using static pressure
measured at station 7, approximately 7% inchea upstream of the
flame holder, and assuming constant total preasure end total tem=
perature from turbine outlet to burner inlet as follows:

76~
Mg WgRT s
-4 (3]
"= i - B (8 @

Combustion efficiency. - Tall-pipe combustlon efficlency was
obtained by dividing the enthelpy rise through the tail-pipe burner
by the lower heating value of the tall-pipe fuel dlssociation of
the exhaust gas wes dlsregsrded.

To,b = 5;00 :Emt
f,tc,t

9 9 9
5600 Wg 3Ha}, + wf,er,e]m - We ollo,0 + “f,tﬂr,t__]m

We tPc,t

(10) -
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The engine fuel was assumed to be completely burned in the engine;
inssmuch ag the engine combustlion efficlency was found to be &
approximetely 98 percent, this sssumption involves less than one~
half of 1 percent error in the value of taill-plpe ccmbustion
efficiency., The enthalpy of the products of combustion was deter-
mined from the hydrogen~carbon ratic of the fuwels by the method
expleined in reference 8.

Exhaust-gas total temEr_ature. ~ The total temperature of the
exhaust gas was caslculated from exhaust-nozzle-outlet pressures
and ges flow by means of the following eguation:

79'1
2 79
r, - 758 (Grisras) (%
9 T_ wg Pg (11)

Exheust-nozzle static pressure 7Pg and outlet Mach number
were determined by considering ecritical pressure ratio as follows:

r e
When 7_9:[
. Pg (" 9*1) °
—_—C  \m—
Po 2
pg = po
and
79-1
79
M 2 2-8— -1 (subsonic flow)
8 " \7g-1 \Po
When
7g
7g~1

Pg 7g+l
-—>
Pg 2
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Pg
Pg =

79
YYo=l

<79+1

2
and
Mgy = 1 (sonlc flow)

The values of C3z amd Cp for the exhaust nozzle used were
determined from the following relations, which were experimentally

obtained:
1.00
P
& —
3 — |
B .95 ]
&
§ P
o
8
g
.90 4 :
1.0 1.5 2.0 2.5 3.0 3.5
Exhaust-nozzle pressure ratio, Ps/po
1.05

//

1000 1500 2000 2500 3000 3500 4000
Gas total temperature, Ty, R
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The ratlio of specific heats 7g and the 'Ehermal-e:':pansion ratio

were besed on an estimeted value of exhaust-gas temperature deter-
mined from the scale thrust measurement.

Augmented thrust, - Actuel Jet thrust was determined from the
balance-scale measurements by use of the following equation:

wa. IVI
Fj,s =B +D + Dy + =22 4 A (p -7p) (12)

The last two terms of this expression represent mementum and
pressure forces on the inatallation at the sllp Joint in the inlet-
alr duet, IExternal drag of the installation was determined from
tests with an annular-shaped plug lnstalled at the englne inlet to
prevent alr flow through the engine. Drag of the exhaust-nozzle
survey rake was measured over & range of Jet Mach numbers by a
hydraulic-balance plston mechanlsm.

Equivalent free-stream momentum of the inlet air was sub-
tracted from scale Jet thrust to determine net thrust as follows:

W 1V
- - o8,1l'0
F, FJ’B _:8_ (13)

.Rormal thrust. ~ The augmented thrust ratio and engine specific
fuel consumptlion were based on the net thrust obtainable at rated
engine speed with the standard-engine tell pipe. In order to
account for possible performance deterloration of the baslec engine
during the progress of the tall-pipe~burning program, the standaxd-
engine thrust was calculated from meesurements of total pressure
and tempereture at the turblne outlet, the gas flow leaving the
turbine, and the total-pressure-loss ratio across the standard tail
pipe, as shown In the followlng equation:

=1
Te
wf,e 7s
F_ = 07@3,3 T 3600> 76 gre. {1 - (PO - Wa.,lvo
i g 76-1 © Pg' g

(14)
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Experimental data indicated that the total-pressure loss through
the stendard tall plpe from station 6 tc station 8 wes approxi-
mately 0.01 Pg at rated engine speed. The total pressure FPg'
is therefore equal to 0.99 Pg. A nozzle-velocity coefficlent Cy
of 0.97 wes used for the calculation of the results presented.
This value of Cy was obtained from calibration teats of the
engine with the stendard-engine tall pipe and exhaust nozzle.

Rake Jjet thrust. - Jet thrust msy be calculated from exhaust-
nozzle-outlet pressure by assuming constant total pressure in the
exhaust Jet.

W W
F3,97 g T3 g Vo + Catrho(rg-ro)

= CaCphg prepgs® + (Ps‘Poil (15)
The terms on the right side of equation (15) were determined in
‘the same manner as for equation (11). Thus , the equation becomes
for subsonlc and sonle flows, respectively:
When

Pg = Pg
79'1
7g

2 8 -
FJ,S = C4Cplg7gD, 7_9:'5 G’E) 1 (15a)

When
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P30 = Calphy ———55~ - %0 (150)

Exhaust-nozzle veloclty coefflicient. - For the exhaust nozzle
used, the veloclty coefficient may be expressed as the ratio of
scale Jet thrust (equation (12))} to ideal jet thrust (equation (15)):

sctual Vy Fy o

v =
_ideal VJ F,j, 9

The relation of the veloclty coefflicient with tail-pipe burning to
nozzle pressure ratio is shown by the followlng curve, which was
calculated from faired values of Jet thrust:

1.00
g
.p.‘
§ .95
'l?l _’/'—_——_—
4
]
o
131

.90

1.0 1.5 2.0 2.5 3.0 3.5

Exhaust-nozzle pressure ratio, P8/p0
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TABLE I ~ PERPORMANCE DATA

Eunjaltitude Flight |Ambient [Engine- | Engine~ | Engine Tail-| Puel distribution| Jet Net
(re) Msoch (pressure{ inlet inlet fuel pipe | thoust [thrust
mmber| Pg total total flov | fuel |Stage Btage Biagei " p, T,
Yo |(an/sq [PrpaTure | toiEerac| Yre | Dov (1) | (1)
£t abs.) (1b7sq 7y {1v/hr) (lb;hr)
ft abs.) | (°R)
Configuration X . T
1| 5,000 [0.240 1753 1623 514 2381 2588 | (o) [ (2} | (o) T 2829
2| 5,000 | .240 1760 1831 811 2876 | 3285 | — | ~— | — | 5156 | 2626
&| 5,000 | .240 | 1756 1826 809 279§ —e | ~~ | — | 5585 | 3053
4j 5,000 | .268 1760 1849 509 2915 6576 | ——= | ~— | — | 3848 | 3268
5| 5,000 | 230 1767 le3e 509 3181 | 7408 [ — | — | - | 4072 | 3539
6| 16,000 | 526 1183 1427 438 2000 [ 3185 | == | — | — | 5120 | 2£41
7| 15,000 | 520 1193 1413 501 2200 | 4208 | ——e | ~—— | — [ 3220 | 341
8] 15,000 | .525 1150 1430 802 2341 5688 | == | ~— | —= | 5457 | 2562
¢! 18,000 | .528 1100 1432 492 ‘2620 7867 | —— | —m | — | 3703
10| 25,000 | 260 a1 819 468 1520 1988 | —~ | ~—— | — | 1663 | 2407
11| 25,000 | .270 785 885 464 lea7 (3119 [ — | — | —~ | 1897 | 1617
12} 25,000 | .270 781 821 470 1378 4877 | — | ~=— | — | 178¢ | 2488
15| 25,000 | .£50 781 818 487 1251 6138 | — | — | — | 1627 [ 1362
14 | 25,000 | .260 761 819 486 1281 7568 | === | ~— | — | 2804 | 1348
15| 25,000 | «83C 78 940 459 1475 2532 | ——— | v | = [ 2151
16| 25,000 | +528 781 939 464 1630 {3078 | —— | —— | — 1} 2410 | 1819
17 25,000 ;| +530 T4 937 487 1728 4837 | === | =~ | == | 2584 | 1986
18 | 28,000 | 525 74 933 463 ie7¢ 6172 | == | o= | — | 2482 | 1864 .
19 | 28, «525 778 938 488 1572 | 7508 | == | —— | — | 2360 | 1765
20 | 25,000 | 730 ™1 1087 479 1475 1986 | === | ~— | — | 2383 | 1452
21| 26,000 | .725 788 477 1768 3286 | — | —— | —~ | 2ac2 | 1925
22 | 26,000 | .725 778 1103 479 1826 4152 | —— | — | ~—~~ | 3000 -
25 | 25,000 | 725 774 2097 478 1962 BESE | === [ === [ == [3189 | 2264
24 | 25,000 | 750 771 1097 or7 1933 [ 6897 | —— | == | — | 3142 | 2208
£5 | 26,000 | +726 783 1118 477 1945 7629 | === | === | — | 3170 | 2232
26 | 25,000 | .920 788 1339 BO4 1635 | 1644 | —— | «=- | = [ 2931 | 1542
27 | 25,000 | .920 T92 1368 507 1816 3109 [ —— | — | — | 3348 | 1067 -
28 | 25,000 | «910 796 1382 506 2060 4901 | — | —— | —— 3812 | 243¢
29 | 26,000 | «920 71 1338 804 2180 6117 [ =— [ «~— | — [Se8l | es16
30 | 25,000 |1.075 799 1853 529 215 4450 | — | — | — {4152 | 2270
31| 25,000 |1.075 788 1628 527 2410 64268 | — | — | —— |[4389 | 2730
32 | 25,000 |1.045 851 1656 530 2490 6948 | — | ~— | = | (B} (b)
33| 25,000 |1.080 810 183¢C 530 2481 7097 | ~— | — | —— 4690 | 2867
Configuration B )
1| 5,000 |C.248 1756 1832 508 2591 3032 | (&) | (o) | (a) |2085 | 2447
2| 5,000 | .245 1760 1835 502 3031 4119 | ~em | = | == |3761 | 321
5| 5,000 | +2¢0 1742 1818 506 3532 5636 | — | w— | — (4368 | 3840
4| 5,000 | .248 1732 1806 501 dvev 6936 | —= | w=m | — 47890 | 4287
5 | 26,000 | .£280 788 a33 468 1509 2486 | ~—= | === | —— 1682 | 1401
6 {25,000 | +280 771 818 467 1766 [Z45] | == | = | === | 2195 | 1920
7 {26,000 | «720 ™e 1096 472 1389 1080 | — | — | — l2128 {3207
8 | 85,000 | 730 T4 1099 474 1943 35012 | = [ === | — 30680 | 2130
9 | 25,000 | 710 768 2100 473 2291 4250 | == | o= | — |3845 | 2634
10 | 25,000 | 920 781 1351 497 1698 2607 | == | =— | — {3117 |1728
11 {25,000 | (925 774 1348 503 2519 |%641 | — | — | —— |3088 | 2611
12 {25,000 ( .820 781 1350 501 2620 5102 | === | w== [ == {4520 [3140
13 | 25,000 [1.070 796 1635 518 1349 2778 | e— | —— | ~— [2651 e
14 | 25,000 |l.06C 803 1631 518 1894 |3889 | —— | = | — [3696 |1841
15 | 28,000 [1.073 781 161¢ 518 £894 6218 | —me | = | — |5251 |3389
18 |355,000 |0.290 489 819 486 1020  |3120 | — [ —— { — l1130 958
gonfiguration ¢ biniinhiE -
1] 5,000 |0.275 1752 1844 506 2710 | 3060 [0.B65 P.445 | (o) |3206 | 2607
2| 5,000 | 278 1752 1846 505 eo00 |4080 | .53 | .478 | — 3656 |3050
51 5,000 [.270 1756 1844 495 3190 4990 | 545 | (485 | ——- |3905 | 540S
4| 6,000 | 270 1748 1838 501 3210 {8030 | .62¢ | .376 [ —— |3982 |[3394
5] 5,000 | «270 1748 183¢ 457 3210 (5160 | .419 | 581 | —— |4088 | 5439
8| 5,000 | .270 1785 1844 509 5290 |5940 | .471 | .529 | —— |4094 | 3508
7 | 5,000 | «270 1782 1842 508 3580 7186 | .52 | J479 | —~ |4351 | =985
8 (25,000 | 270 768 eg3 456 1460 2320 | .68 | .472 | — |1900 | 1626
9 |25,000 | .270 788 ass 442 1750 (3250 | .519 | .481 | ~— |2304 | o027
10 |25,000 | +275 79 820 4“*s 1840 (4170 | .497 | .503 | — |2504 | 2226
11 |e8,000 | .870 788 segg 451 lgs0 |6782 | 505 | .495 | — [252¢ | egse
12 |25,000 | .925 78g 1556 504 1750 {2470 |. <517 | — 153161 1770
13 |25,000 | .925 782 1355 507 2150 |%660 | .802 | .498 | — [3836 | 2452
1¢ |25,000 | .910 786 1346 498 2470 5060 | +304 | 486 | =— |4249 |27
15 {25,000 | .920 7ag 1353 493 2670 6441 | .B29 | 471 | — 4564 |3169 .
16 |55,000 | .265 487 582 480 1000 2050 | o531 | +469 | — |1313 |1144
17 (58,000 | .e¥8 497 524 449 1080 2650 | .551 | .469 | —— 1427 [1251
18 |35,000 | .280 490 517 450 1130 (3090 | .817 | .485 | ~—— [1806 |1331
18 2000 | .278 497 524 481 1180 _ |Z640 | .500 | .4 —— }1529 11353
e R e L e Dk — o= L R
30nly total fuel flow was measured. -

b‘Data unavallable.

STwo-stage flame holder,
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WITE TAIL-PIFE ETURNING
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Alr Specific | Total| Tall~ [Tail-pipe |[Turbine- |Turbine-|Burner- [Exhaust-|Exhaust-| Run
flow fuel fuele-| pipe ocombustion| outlet outlet |section-| nozsle gas T
L7 consumEp= alr | fuele |efficlency| total total inlet total total
(1n/sed tien ratie| air . ¢ pressure |tempera-| static |pressure temperaﬂ
Wye/Fp t/a 1(1}1? ’ P h;re pregzure Py h:!.:e
(1b/(br) /8l (1o/sq 6 {ib/sq
(b thrust))| £t abs.) | (om) &”{gg. y[£t abs.}{ (om)
Gonfiguration A
62.93 2.070 Q,0215|0,0107 0,882 2699 1269 2549 2552 1696 1
635,58 2.255 «02 «0246 «802 2823 1310 2672 2875 1899 2
85.682 2322 «0S24&| 0280 «829 2053 1378 £802 2797 2143 -]
64.45 2.637 +0362| 0235 «554 3032 1398 2883 2871 28207 L3
63,95 2.992 «04€6] .0326 «504 3164 1478 3017 2098 2450 5
51,66 2,357 .0288| L0174 «624 2259 1295 2141 2133 2005 [
80,64 2,757 <0356 | 0234 « 563 2322 1559 2211 2196 2184 7
50,44 3,108 +0448| 0317 «4838 2405 1418 2292 2272 23555 8
51.41 5,587 +0562| 0414 « 584 2511 1454 23598 2550 £362 -]
30.76 2.380 +0305| .0182 +552 1359 1319 1299 1284 1975 |10
SL.13 2.824 0413 | 0282 479 1446 1585 1583 1372 2210 il
88 4,002 0546 ,0420 «257 1389 13865 1541 1311 1985 12
30,61 8,421 +06878| 0583 «138 1331 1378 i2n 1241 1676 p1)
30,768 6,409 «0789| 0875 «110 1328 1270 1264 1248 1645 (14
S5.T4 2.448 «0299| ,0183 «876 1543 1279 1468 1455 1975 15
S5.44 2.588 <0375 0244 «551 16353 1374 165¢. 1539 2215 |16
55,18 5.306 <0526 ( 0388 «393 1679 1428 1606 1580 23515 (17
35.26 4.212 «08R7| 0493 #2768 1648 1408 1677 1851 2158 |18
85,71 Bo192 «Q722| 0598 187 1604 1329 1528 1504 1930 19
40.31 2.38¢ «0241| .01358 +«575 1638 1211 1542 1534 1752 |20
41.04 R.E28 <0348 0225 -568 1827 1327 1785 1729 2157 (21
40.54 2,898 <0415 .0288 «517 1878 1369 1789 1774 2282
40,51 3.511 +08621 | 0385 «431 1947 1420 1862 1828 2386 23
40.44 3.863 +0594 | 0459 «531 1919 1417 1827 1798 2272 [24
41,10 4.244 «0649 | .0516 «291 1945 1406 1851 18235 225Fr i85
47.78 2.285 +0204 ( 0114 «587 1846 11850 1750 1728 1618 26
47.83 2,817 0289 0182 «538 2011 1269 1894 1887 2908 27
£7.71 2,860 «0410 | 0289 <478 2175 1365 2067 2034 2196 28
46.94 3.2868 «0498 | L0387 «372 2173 1408 2077 2022 2206 29
56.58 2.899 «Q338 | 0225 546 2414 1290 2881 2876 20786 30
54.89 3.237 <0452 0329 o451 2531 1389 2597 2377 2277 51
55.53% (o) 20478 .0352 (c} (c} 1407 (c) (c) (o) |32
54,687 G341 <0493 | 0565 «450 2591 1422 2461 33 2383 33
Oonfiguration B
64,51 2,298 00244 |0,01352 0.570 2838 1295 2678 2680 1805 1
64,75 2.220 +0511| 0179 +826 3171 1424 3034 2086 8366 2
83.48 2.387 «0407 | 0260 « 782 3348 1685 3192 3150 2755 3
63,85 2,505 <0472 0307 «898 3454 1634 3316 3241 2889 4
51,20 2.873 0537 0219 »517 1420 1303 1348 15358 2017 6
50.57 2.717 +0482 ] 0319 «591 15868 1589 1521 1497 2680 []
40,79 2,775 40230 | 0136 « 390 1570 1475 1475 1519 7
£0,73 2.3268 <0342 | 0208 708 1920 1413 1830 1815 2336 8
40,81 2.483 <0452 | .0294 +752 2134 1563 2052 20282 2859 9
48,10 2.49) +0251 | .0152 «454 1842 1827 1825 1718 10
47.37 2,283 «0354 | 0216 787 2298 1460 2182 2180 2487 11
47,74 2.486 «0461 | .0306 <583 2464 1570 2362 2322 2793 |12
568,34 5.338 <0205 0158 <084 18124 2003 1660 1703 2084 13
66,21 2.962 ,0272 [ .,OL78 384 2205 1180 2077 2078 le43 |14
56,54 2,393 0412 | 0265 o742 2806 1551 2676 2639 2709 15
18,83 4,531 <0631 [ 0476 «304 933 1858 $0L1 871 2337 |16
Configuration ¢
64.36 2.213 00252 10,0154 0.875 2866 1339 R7I27 2742 1946 1
64.80 2.,318 «0307 | 0177 «683 3026 1414 2892 2197 2
€5,85 2.404 «Q349 | ,0215 880 5167 1440 2976 3005 2322 3
64,99 2.428 <0357 | 0218 +667 3187 1489 3027 2997 2569 4
€5.43 2.434 <0360 | 0222 «6687 3173 1459 S0T9 3017 2575 5
64,23 2,631 «0405 | .0261 #8235 3188 1509 3075 2487 -]
84,52 2,705 «0469 | L0312 <629 3363 1585 3232 5162 2726 7
31.48 2.3256 .0338 | 0207 «854 1488 1378 1404 1397 2229 8
S2.21 2,487 «04358 | ,0283 «889 1665 1507 15856 1563 2868 S
51,935 2,700 <0538 | .0369 «805 1714 1673 1634 1606 2839 10
31,71 3,402 .0682 | .0B15 + 454 1752 1604 1663 1627 2852 (11
47.68 2.384 «024B | .0248 7656 2006 1235 1907 1924 1969 12
47,37 2,369 <0348 | .0217 729 2236 1403 2134 2118 2395 13
47.84 2.6817 +0444 | 0208 «669 2407 1509 2304 2281 2892 14
48.48 2.876 «0630 | 0378 « 637 2587 1563 2461 2425 2925 18
19.89 2.888 «0432 | ,0290 «548 978 1440 930 919 2393 16
20,00 2.902 «0512 | 0360 «498 1022 1503 978 967 17
9.7k 3,171 «0605 | 0443 +480 1050 1570 1003 986 271456 |18
19.95 S.873 <0703 | 0543 <377 1058 1560 1009 81 2648 19

{
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TABLE I - PERFORMANCE DATA WITH

Run [Altitude| Flight|Ambient |Engine- [Engine-~ | Engine Tailel Fuel distribution| Jet Net J
(£rs) Mach |pressure| inlet inlet fuel pipe Stage |Stage [Stage thrustl thrus
mmber|  pg total total flow | fuel |¥%) 25175 F, r,
Yo J(iw/sq |Prgssure |tempera- | We.e | flow (15) | (1)
£t abs.) 1 e (1o/br)]| “f,t
{1b/sq 1 {1b/hr)
£t abs,) (°r}
Configuration D
1 5,000 | 0. 275 1759 1883 . 497 2345 3000 { 0.673 [0.2460.081 | 2340 1754
2 8,000 « 868 17582 1840 498 2610 4000 8841 ,219( (097 | 2066 2271
3 5,000 « 275 1752 1847 510 3330 £900 « 713 | 203 | 0B84 | 4072 35468
4 5,000 « 275 1752 1845 510 3330 4950 «658) 196 .146| 4125 3527
5 5,000 « 275 1782 1847 508 3330 5040 «667| 247 | L0868 | 4037 3432
8 8,000 « 285 1762 18556 508 3580 5850 #8771 J179| 144 | 4385 3761
7 5,000 «R70 1758 1845 510 3230 497 424 .417{ .159| 341 32566
8 5,000 « 265 1762 1840 815 3350 4980 «856 +143] 201 | 4063 5485
@ 5,000 « 270 1766 18486 810 3200 4980 «353 | «585]| .OP4| 4059 3467
10 5,000 « 280 1752 1948 510 3300 4990 «543 | J270] 187 4079 3471
11 8,000 « 275 1768 1845 505 3330 5020 «585| .247] 158 4073 3473
12 5,000 « 270 1752 1843 505 3250 5040 «481 | .437| 082 3913 33520
13 5,000 « 275 1782 1845 501 3270 5080 «521 | .425] .054| 3983 3381
14 5,000 « 275 1752 1844 515 3320 §080 «500| .254 ]| .246| 4045 3451
151 10,000 « 250 1452 1516 s01 2560 3250 «698 | «155| .147| 3000 2644
16.1 10,000 « 260 1445 1518 486 2860 4200 «BLT | «247| 1368 3523 3042
17 | 10,000 «250 1452 1516 499 2050 4700 <645 | .232] .123 | 3612 3160
18 | 10,000 « 265 1452 1524 491 3070 5180 +624 ] 244 152 3825 3338
18 | 10,000 « 260 1449 1519 495 3150 5838 «620 | 257 123 | 3952 5478
20 15,000 « 280 1lse8 1254 485 2270 3270 «608 ¢ .2B8| .163 ] 2841 2416
21§ 15,000 « 270 1188 1250 487 2480 3910 +666 | (203 | 131 ]| J116 2702
22 1 15,000 « 280 1188 1254 474 2670 4550 «886 | <197 117 | 3432 3004
25 | 15,000 « 280 1188 1245 480 2700 4970 o671 | 203 | 126 | 38510 3117
24 | 15,000 « 285 1188 1248 483 o 5290 +865 | 4220 ] .115| 35499 3094
25 | 25,000 « 280 782 825 444 1880 2400 «827 | 243 130 | 2122 1838
26 », 000 » 285 782 827 447 1830 3050 +.644 | 226 .130| 2339 2047
27 | 25,000 « 278 782 a24 451 1900 3530 «654 | «214( 132 | 2462 2181
28 | 25,000 « 280 782 - 826 453 1880 4080 o631 | «217| 152 2632 2248
29 | 25,000 « 920 .7ee 13566 486 1340 2630 +623 | 240 137 | 2283 a74
30 | 25,000 « 920 kis:] 1346 497 2000 3080 «651 | +233 | 4116 3565 2183
31 | 25,000 « 920 782 1351 501 2400 3950 «887 | B34 | 079 | 4068 2685
32 | 256,000 « 915 s 1331 496 2570 4500 o650 | 4197 | 163 | 4257 28¢6
33 | 25,000 « 920 ki 1539 481 2700 4970 <543 1 .254 | 103 | 4511 3120
54 | 35,000 « 250 497 819 499 680 1850 «814 | 298¢ .088 672 518
35 | 35,000 « 318 497 531 4904 70 2000 635 ) 247 .118 1] 1160 967
36 | 35,000 « 325 493 530 496 1065 2450 «5685 | 279 | +166}| 1279 ore
37 [ 35,000 « 290 490 519 496 1060 2800 o531 | «303 ! 41661 1251 075
38 | 40,000 « 238 388 400 6504 740 1500 «526 ] «319} 4155 838 7es
59 | 40,000 « 285 3856 369 503 780 1750 «668 | «272 | 160 203 798
40 | 40,000 « 240 385 401 503 830 2170 697 ] +2351 .169 986 87e
Configuration E .
1 5,000 |0.270 1762 18435 498 2450 3070 9o, 808 90,392 2604 eoe7
2 5,000 « 2756 1759 1858 510 2600 3550 «761 « 239 2930 2350
3 5,000 « 285 1762 1854 459 2680 4040 «T70 « 230 3072 2438
4 5,000 « 265 1748 1838 511 2610 4480 « 771 « 229 3419 2041
8 5,000 « 275 1759 1853 504 3210 5110 «763 « 237 3856 3853
[} 5,000 « 280 1762 1848 504 3430 5540 760 « 240 4233 3622
7 5,000 « 245 1794 1872 511 3590 6045 « 686 «515 4399 38562
8 | 25,000 « 920 778 1558 409 1900 3050 772 «228 33351 1959
g | 25,000 « 926 788 1376 505 2120 3540 «760 « 240 4003 2586
10 | 25,000 +«810 78e 1338 493 1980 3610 « 763 « 237 3369 2001
11 25,000 « 9156 715 1336 502 2320 40860 «755 « 245 3851 2585
12 | 35,000 « 275 490 518 463 870 1510 « 758 « 242 689 518
13 | 35,000 « 265 497 8eg 466 700 1670 716 « 284 875 507
14 135,000 « 278 490 516 483 1008 1730 « 783 « 217 1223 1053
15 (35,000 + 285 493 518 465 700 1730 <769 « 231 726 558
18 | 35,000 « 265 497 5ee 486 1105 1850 « 760 « 240 1348 1180
17 {35,000 » 280 490 517 485 1140 2010 »769 « 231 1387 1214
18 |35,000 | .280 490 517 464 1220 (2110 | .754 + 2486 1421 | 1247

ﬂF'mal-i.n,‘[eo'l;o:.- bars.
€Fuel supply to stages 2 and 3 combined.

Syt
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Alr Specific Total| Taile | Tatl-pipe |Turbine-|Turbine=-|Burner- |Exhaust-|Exhaust- Run
flow fuel fuel-| pipe combustion| outlet outliet ﬂg o'_l:ign- nozzle 8
LN cozt:.’s;ump- alr | fuel- jefficiency| total total ;:":2 o total total
on ratio| air pressure (tempera- pressure ) tempera-
(/see) | wo/m, t/a | rasie ot P ture  [PregRure)” g . bure
(1b/ (nr) t/aly (1v/s5q 6 |(1v/sq |(1b/sq
(1b thrust) . £t abs.)| (°R) |[£% ':baq;'.) £t abs.)| (°R)
Configuration D
65.92 3.082 0.0228{ 0,0128 0.284 2636 1214 2512 2544 1470 1
65,34 2.911 0284 .0172 «490 2834 1289 2713 2727 1847 2
64.20 2.375 «0361| .0215 +817 3248 1520 3120 3082 2588 3
64,14 2,348 «0564| 0218 « 841 3268 1520 3141 S107 2641 4
64,44 2,439 ,0386( .0220 +«807 3272 1518 3142 3100 2604 &
64.97 2.502 +0409| .0264 »788 3397 1575 3274 3222 2767 6
54,14 2.518 .0360( ,0218 «764 3212 1494 3083 3043 2518 7
63.41 2.390 +0370) 0221 «860 32656 1547 3139 3105 2698 8
64,20 2,388 0363 .0219 +780 3234 1509 3104 3061 2662 9
64,25 2.388 .0364] 0219 +786 5237 1616 31156 3074 2571 {10
64.71 2.404 0364 | 0219 o TID 3234 1513 5112 3078 2646 11
64.66 2.497 ,0362| » «718 3203 1490 3072 3055 2462 |12
85,19 2,470 «0361| .0220 o721 3228 1478 3097 3053 2462 13
83.52 2.434 L0372 | 0226 «800 3245 1631 3117 3075 2629 14
53.83 2,197 . L0172 767 2555 1439 2448 2420 2275 |16
54,97 2,321 0362 .02186 « 746 2740 1606 2626 2584 2494 |16
53,74 2.416 0401 0247 713 2759 2646 2597 2624 |17
54.80 2,472 .0425| ,0267 .716 1877 2742 2692 2712 |18
54,24 2.58% 0468 ,03504 +693 2895 1621 2784 2752 2846 19
45,585 2,295 20342 .0202 » 733 2225 1461 2126 2002 2388 |20
46,89 2.365 03841 0236 +680 2334 1504 2230 2200 2492 |21
46,48 2,405 -0438] .0278 «718 2439 1594 2339 2294 2759 22
45,87 * R.461 «0474 | .0307 »TOL 2454 1632 2350 2305 2873 |23
45,58 2,605 +0600| .0328 +«891 2487 1682 2339 2958 24
32.186 2.209 <0386 0210 o744 1587 146% 1511 1485 2438 |26
52.06 2.384 +0430| .0269 o761 1688 1561 1613 1581 2773 |26
31.77 £2.490 0485 | .0314 <744 1752 1617 1656 1621 2962 27
31.71 2.698 0541 | 0364 »707 1779 1669 1704 1665 3108 28
49.19 4,542 .0226 | 0150 .238 1707 1040 1599 1622 1289 |2¢
47.89 2.568 0304 | 0181 793 2200 1361 2102 2082 2280 30
47,76 2.385 +O0376 [ 0233 +855 2387 1488 2202 2264 2701 351
47.43 2.441 .0421 (| ,0268 853 2479 1658 2582 2341 2911 |32
49,05 2,458 «0441 [ ,0288 «887 2624 - 16862 2614 2473 3042 |33
18,13 4.498 +0361 | ,0266 «113 749 1250 703 707 1428 34
18,72 3,071 <0447 | ,0301 <539 940 1510 866 886 2471 |35
18.63 3.254 »0831 | ,O371L «5632 985 1595 938 9256 2715 38
18.23 3,591 .0598 | 0434 +428 961 1620 914 800 2638 |37
15.756 3,085 .0460 | .0308 +«499 699 1862 862 654 2454 38
13.73 5.170 .0520 | .0360 « 494 719 1602 682 674 2816 39
13,79 S.440 +0615 | 0445 + 468 748 1663 712 699 2784 40
: Configuration E
85.50 2.852 0.0237 [0,0132 | 0.439 2040 2617 1643 1
64,42 2,639 0268 | ,01556 « 463 2824 13086 2674 2670 1787 2
86,79 2.748 .0287| ,OL73 +411 2848 1300 2705 2699 1774 3
635,72 2,601 .0326 | ,0198 +«561 2988 1407 28355 2816 2108 4
65,14 2,558 0360 | .0221 <668 3183 1472 3037 3018 2377 5
€4,97 2.477 +036808 | .0240Q «709 3330 1538 3170 3107 2662 []
85,02 2,501 +0418 | 0262 o'TAS 34356 1587 3270 3217 2741 7
47.48 2.527 .0202 | .0180Q +597 2049 1289 1962 1935 1996 8
48,29 2.189 .0329 | 0206 «6562 2207 1370 2078 2215 9
47.97 2.764 0326 | 0211 .529 2091 1304 1988 1975 2019 |10
47,12 2.468 0382 | ,0243 o741 2356 1489 2218 2185 2570 11
19.23 4,208 ,0318 | 0220 +050 725 1170 682 696 1236 |12
19.38 4,875 20343 | 0242 «107 752 1189 709 722 1362 15
19,13 2,597 +0403 [ ,ORE5 »628 944 1493 801 898 2466 |14
19,21 4.3547 +0355 | ,0253 + 084 746 1182 703 716 1343 i5
19,32 2,504 <0451 | .0270 706 994 1676 952 945 2707 |16
19,17 2.696 0464 | ,0286 »868 1003 1621 858 949 2762 17
19,235 2,870 .0489 | ,0310 678 1030 1689 _ 987 976 118 |
-
R






Mgure 1, - Installation of J55~A-5 tyrbojet sngine and tall-pipe burnsr in altitude wind tunnsl.
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Figure 2. - Cross section of tail-pipe-burnar Ingtallation showlng statlons &t whlch instrumentation was installad.
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Figure 4. -~ Dlagrammetlc skebtches of tall-pipe-burmer assembly.
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Figure 4. - Continued. Dlagrammatic sketches of tail-pipe~burner assembly.
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Figure 4. - Concluded. Diagrammatic sketches of teil-pipe-burner assembly.
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